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Abstract. Using a recently found solution for a Bessel wave beam impinging
a sphere, practically suitable for optically large dielectric spheres, we analyze
the electromagnetic fields near a substantial sphere for different sphere sizes and
permittivity. We theoretically reveal a Fano resonance when a resonant mode of
the sphere interferes with an amount of all other modes. This resonance results in
a giant amplification of the longitudinal electric field component in a substantial
area noticeably shifted to free space behind the microsphere. We prove that this
spatial Fano resonance is a near-field effect, though the maximum can be distanced
up to λ / 2 from the sphere and its effective length can be close to λ.
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21. Introduction
One of the main challenges of nano-optics is to
focus light below the diffraction limit. Such focusing
is useful for applications such as microscopy [1, 2,
3] and optical tweezers [4, 5]. Recently deep 3D
subwavelength focusing was achieved with making
use of superoscillating superposition of Bessel beams
[6]. In the present work we will demonstrate the
possibility to create a subwavelength hot spot using
spatial Fano resonances excited in dielectric sphere by
axially symmetric Bessel beam [7]. Such possibility is
based on an exact solution [8] of the diffraction problem
for a sphere impinged by a Bessel beam. This solution
is a kind of a multipolar Mie expansion, however, there
is a peculiarity: every n-th term comprises the factor
inΨn(β), where β is the conical angle of the Bessel
beam and Ψ(ξ) ≡ dPn(cos ξ)/dξ is the derivative of the
Legendre polynomial. The presence of an additional
parameter β allows one to control the interaction of the
light beam with specific modes in wide limits. With
this solution there is no need to use high-frequency
asymptotic methods (whose overview can be found e.g.
in [9]) for calculating the electromagnetic field at any
point.
Using this solution in work [8] the so-called
pseudo-modes (resonant forced solutions) with practi-
cally unlimited radiative quality factors were revealed
for a dielectric sphere with a moderate optical size
x0 ≡ k0R ∼ 1 and high permittivity ε. At their
resonance frequencies these field patterns do not leak,
and the scattering is practically absent. Unlike bound
states in the continuum (for which the last property
had been known) pseudo-modes cannot exist in the
lossless sphere without an external excitation. How-
ever, they cannot be excited by a plane wave, a proper
superposition of few Bessel beams is needed. This novel
result is related to the subwavelength field concentra-
tion inside the sphere, and can be, therefore, treated
as a near-field effect.
In the present paper, we study another near-field
effect, also inherent to a dielectric sphere impinged
by a Bessel beam. This is giant enhancement of
the longitudinal electric field in the area well distant
from the rear edge of the sphere. This distance is as
substantial as (0.3− 0.5)λ, and the size of this area is
close to λ. This property makes the revealed near-
field effect very unusual. Usually, strong near-field
effects occur solely in strongly subwavelength spots. To
observe this effect, a single incident Bessel beam and
the modest permittivity of the sphere are sufficient.
However, the needed optical size of the sphere is large
(x0  1).
Figure 1. Coordinate dependencies of the normalized electric
intensity on the beam axis behind the sphere with size parameter
x0 = 10 for different permittivities (a). Color map of the electric
intensity combined with the map of the local Poynting vector (b)
for the case ε = 3.1, x0 = 9.348. The yellow arrow points out
the point of the local maximum z∗, see in (a).
2. Problem Formulation and Simulation
Results
Let a Bessel beam with β = pi/300 and azimuthally
polarized magnetic field (then the electric field has
both radial and axial components) impinges a dielectric
sphere of permittivity ε and radius R so that the beam
axis z crosses its center. In the cylindrical coordinates
3(ρ, φ, z) letting the point z = 0 at the sphere center
we may write the magnetic incident field Hi = Hiφ and
the components of the electric incident field Eiρ,z in the
form:
Hiφ = H0J1(k0ρ sinβ)e
ik0z cos β ,
Eiρ = E0 cosβJ1(k0ρ sinβ)e
ik0z cos β ,
Eiz = iE0J0(k0ρ sinβ)e
ik0z cos β , E0 ≡ ηH0 sinβ,
where J0,1 are cylindrical Bessel functions and η is
the free-space wave impedance. Using the solution of
[8] we have calculated the z-component of the total
electric field E on the axis z behind the sphere for
x0 = 10 and different ε within 3.0 < ε < 3.3. The z-
dependencies (for fixed z the frequency dependencies)
of E2z/E
2
0 taken in the most interesting interval of the
permittivity ε = 3.08− 3.11 are presented in Fig. 1(a).
The huge values E2z/E
2
0 ∼ 200 at the point k0z = 10
are not amazing – the wave beam excites a set of
multipoles and almost any frequency can be referred
to one of the multiple resonance bands, each of them
corresponds to one of these multipoles. Therefore, the
hot spots of the electromagnetic field in the sphere are
expected. One of these hot spots evidently covers the
rear edge (ρ = 0, z = R) of the sphere.
However, for ε = 3.09 − 3.11 besides of the huge
enhancement of Ez at this rear point that attains
200 we also see an almost similar enhancement in
the interval of z noticeably shifted behind the sphere
with a maximum at z∗. This maximum is the most
pronounced for ε = 3.10. The same effect holds for
size parameters in the vicinity of x0 = 10.
We have calculated color maps of the normalized
electric intensity E2/E20 and the distribution of the
Poynting vector in the plane xz. Due to the problem
symmetry there is no φ-dependence and x is an
arbitrary axis orthogonal to z. These two plots are
combined in Fig. 1(b) for the case x0 = 9.348. We
see here 24 intensity maxima around the sphere that
correspond to 12 wavelengths of the standing creeping
wave. In the language of the cavity resonances, this
pattern corresponds to the resonance of the mode with
n = 12 (namely, TM12,0,1, see e.g. in [9]). This mode,
though resonant, does not completely dominate over
the field created by all other terms of the Mie expansion
– its field visibly interferes with that of the infinite
amount of all other modes. Just behind the sphere this
interference is destructive and we see a sharp minimum.
Maximum of the constructive interference – point z∗ is
marked by a yellow arrow. We guess, therefore, that
the concentration of E2z in the substantial interval also
substantially distanced from the sphere is the Fano
resonance. This guess is confirmed by the analysis of
the large amount of Mie coefficients: in terms of power
the contribution of the resonant one and of all the other
ones are nearly equal if the parameters correspond to
Fig. 1(b).
Figure 2. Coordinate dependencies of the normalized electric
intensity on the beam axis behind the sphere for different optical
sizes of the sphere (a). Similar dependencies for specific sizes
corresponding to n-th mode resonances (b). In both plots
ε = 3.1.
Indeed, the exact solution [8] allows us to present
the longitudinal component EsR of the scattered electric
field behind the sphere at a normalized frequency x0
in a following form:
Esz(z > R, θ = 0) =
E0
2k0z
[
N−1∑
1
anσnh
(1)
n (k0z)+
aNσNh
(1)
N (k0z) + ∆
]
, (1)
where h
(1)
n are spherical Hankel functions, σn =
inn(n+ 1)(2n+ 1), an are Mie coefficients:
an =
εjn(x1)[x0jn(x0)]
′ − jn(x0)[x1jn(x1)]′
εjn(x1)[x0h
(1)
n (x0)]′ − h(1)n (x0)[x1jn(x1)]′
,
jn are spherical Bessel functions and x1 = x0
√
ε. Let
the size parameter x0 (for given R it is the normalized
frequency) be located near the frequency x0N of the N -
th TM-polarized mode resonance, and N  1. Then
in Eq. (1) the first term (in brackets) is a quasi-
continuum of those modes whose resonances hold at
lower frequencies, the second term is the resonant one
4and the 3d term representing the contribution of the
high-order modes is comparatively small. It is possible
to show that in the left half (x0 < x0N ) of the resonance
range x0 ≈ x0N there is a normalized frequency x0 at
which the first and the second terms in Eq. (1) have
exactly opposite phases and interfere destructively at
a point z1 < z
∗ where their amplitudes are equal one
another. As a result, a classical Fano resonance occurs
at some distance from the rear edge z = R of the
sphere.
Figure 3. Electric intensity normalized to E20 versus both
spherical coordinates in the area behind the sphere (a). Magnetic
intensity plot normalized to η2E20 in the same area (b).
Properties of this spatial Fano resonance are
illustrated by Fig. 2. In Fig. 2(a) we see that for
a given frequency, the pronounced spot exists in the
range x0 = 10.00−10.01. In Fig. 2(b) we see that these
resonances are distant from one another by ∆x0 ≈
0.65. The maximal impact of the mode n = 13 occurs
when x0 = 10.002. In other words, the effect is sharply
but periodically resonant.
Fig. 3(a) shows the normalized electric intensity
(E2R + E
2
θ )/E
2
0 for the case x0 = 10, ε = 3.1
as a function of both R and θ in the spherical
coordinates system (R, θ, φ) centering the sphere. The
Fano minimum is sharp, and the gradients of the
electric field around it are very high. This feature
of the effect can be used for the trapping of atoms
and nanoparticles. Fig. 3(b) depicts the normalized
magnetic intensity, and we see on this figure only the
tail of the rear internal hot spot of the 13-th mode.
Figure 4. Color map of the phase shift between the magnetic
field Hφ and the polar electric Eθ in the area behind the sphere
(a) and between the polar electric Eθ and ER in the same area
(b). Values of the phase in radians are marked.
It means that the strong concentration on the axis
z behind the spheres holds only for the longitudinal
electric field, nothing similar occurs for the magnetic
field. The substantial spatial separation of the local
maximum of the longitudinal electric field from the
nearest maximum of the magnetic fied as well as the
longitudinal polarization of the enhanced field on the
axis z both point out the near-field nature of the effect.
In other words, the local maximum at the axis z is
created due to the extension of evanescent waves along
the incidence beam axis. This effect is not surprising
as such. Its unusual features are substantial length of
the spot and its distant location from the sphere.
So that to reliably confirm the near-field nature
of the effect, we have done an additional study. It
is known that in a propagating wave beam E and H
are in phase, whereas in the near zone of an antenna
the phase shift between them is noticeable and can
locally attain ±pi/2. In Fig. 4 we see the color maps of
arg(Hφ/ER) and arg(Eθ/ER) in the area behind the
sphere. In the domain of our Fano resonance Hφ and
Eθ have the phase shift, that varies from -0.5 rad in
the Fano minimum to 0.5 rad in the Fano maximum
whereas for a wave beam this phase shift should be
zero. These deviations point out the strong presence
of the evanescent waves at the corresponding points.
5However, the evanescent waves are noticeably present
in the whole region of the Fano resonance. The phase
difference between the transversal and longitudinal
electric components is presented in Fig. 4(b). It
is nearly uniform and close to -2.2, whereas in the
incident beam this phase difference is equal pi/2 = 1.57.
A so strong phase change is a clear manifestation of the
impact of the evanescent waves in the entire region.
Finally, we have studied the dependence of the
effect on the parameter β. This parameter has no
noticeable impact until β ≈ pi/2kR. This is the
threshold value. If our Bessel beam oscillates across
the optical axis so that there is a spatial period or
more over the sphere cross section all claimed effects
disappear. Smallness of β is another condition of our
effect together with x0  1. If β is small for whatever
ε we can find a set of normalized frequencies x0 so that
to observe our effect. For a fixed x0  1 we can find a
set of suitable ε.
3. Conclusion
To conclude this Letter: here we have reported an
interesting near-field effect theoretically revealed for
optically large dielectric spheres illuminated by a
slowly oscillating Bessel beam. This effect is a strong
spatial Fano resonance for the longitudinal electric field
that holds in an optically substantial region noticeably
shifted behind the sphere. The resonance was not
revealed in the analogous study [10] in which the Bessel
beam impinged an optically large sphere. In fact, in
this work the authors considered a linearly polarized
zero-order Bessel beam [11]. Such Bessel beam results
in the simultaneous excitation of the TM- and TE-
polarized modes in the sphere. The interference of
these modes makes the spatial Fano resonance revealed
in our work impossible.
To our opinion, the most interesting feature of
our effect is the large size of the longitudinal field
maximum and its distant location from the sphere.
However, for applications the importance of the effect
is, probably, related to an implication of the main
effect. This implication is high electric field gradient
between the Fano maximum and Fano minimum
behind the sphere. This secondary effect can be used
for trapping the atoms and nanoparticles. Since the
Bessel beams becomes a popular optical technique, a
simple microsphere seems to be a promising affordable
tool for such the trapping.
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